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We investigated the electronic structures of diamondoid particles in the gas phase, utilizing valence photo- 
electron spectroscopy. The samples were singly or doubly covalently bonded dimers or trimers of the lower 
diamondoids. Both bond type and the combination of the bonding partners affect the overall electronic struc- 
tures. For singly bonded particles we observe a small impact of the bond type on the electronic structure, 
whereas for doubly bonded particles the connecting bond is the deciding factor, determining the electronic 
structure of the uppermost occupied orbitals. In the singly bonded particles a superposition of the bonding 
partner orbitals determines the overall electronic structure. The strength of quantum confinement effects, 
i.e., the localization of electrons, depends on the bonding partner orbital energy difference. The experimental 
findings correspond well to density functional theory computations. 
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Keywords: diamondoids, electronic structure, ionization potential, nanodiamonds, quantum confinement, 
size-dependence, valence photoelectron spectroscopy 



I. INTRODUCTION 

The electronic structures of nanoparticles define their 
electrical, chemical and optical properties. Hence, inves- 
tigating these electronic structures is the basis for devel- 
oping new applications in nanotechnology. A comprehen- 
sive understanding of the various possibilities to modify 
the electronic structure of a particle is required when tai- 
loring compounds for specific applications. Research in 
this area can advance, for instance, the development of 
electron photoemitters^ or nano-electronics^. 

Diamondoids are perfectly size- and shape- 
selectable, hydrogen passivated, sp 3 -hybridized carbon 
nanostructuresSl. As such, they are an ideal class of 
particles for the study of effects caused by manipulation 
of geometry and chemical composition on the electronic 
structure in a nanoscale system. In addition, function- 
alization of these particles presents another possibility 
to tune their electronic structure^! Apart from the 
exploration of their existence in crude oiP, continuous 
improvements in the field of synthesis of diamondoids 4 
have led to a rise in their popularity during the last ten 
years. Diamondoids are of interest for the oil industr}E^ 
and environmental protection^, and are also used for 
medicinal applications^, among others. Of particular 
interest in nanoparticles is the size-dependence of their 
electronic structure, commonly referred to as quantum 
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confinement (QC) effects^. As they are perfectly 
size- selectable, diamondoids e njoy great popularity in 
the investigation of such effect s^^L^. 

Recently, Schreiner et al. synthesized diam ondoid par- 
ticles with extraordinary long CC-bond d 18 * 19 [ Except for 
a study on the smallest!^ singly bonded particle, their 
electronic structures have not been investigated. To our 
knowledge this is the case also for such particles con- 
nected with CC-double-bonds, for which results for only 
one compound have been reported in the literature^. 
The present work deals with the valence electronic struc- 
tures of such singly and doubly bonded diamondoid par- 
ticles, and the question of whether combining lower dia- 
mondoids in a way comparable to a modular design prin- 
ciple can to some extent imitate the electronic properties 
of larger pristine diamondoids. 



II. EXPERIMENTAL 

All measurements in this work were performed by 
means of photoelectron spectroscopy (PES). A Scienta 
SES-2002 hemispherical electron analyzer was utilized 
for all measurements. The samples in the spectrome- 
ter focus region were ionized at 21.22 eV with a He-lamp 
(SPECS UVS 10/35). A resistively heated oven was used 
to bring the samples into the gas phase, see Table [I] for an 
overview of the various samples and the experimental pa- 
rameters. While the ambient chamber pressure was in the 
mid 10 _T mbar range, chamber pressures during measure- 
ments were always kept constant in the mid 10 -6 mbar 
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TABLE I. Experimental parameters used for the measure- 
ments in this work. Vaporization temperatures are given for 
ambient chamber pressures in the mid 10 ~ 7 mbar range. 



range. To calibrate the spectrometer energy scale, and 
to test the resolution, Xe gas (Air Liquide, 99.995% pu- 
rity) was used. The resolution achieved was 50meV for 
all investigated samples. 



III. COMPUTATIONS 

Computations using density functional theory 
(DFT)P^were performed for all substances to assist with 
the interpretation of the recorded spectra. We utilized 
GaussianOP 3 with the M06-2X functional 24 together 
with a cc-pVDZ (correlation-consistent) basis set as this 
method was previously used to successfully describe 
optimized geometries of the singly bonded particles^. 
All orbital energies and isosurfaces were generated with 
this method. The stick spectra are convolved with a 
Gaussian function to take the vibronic broadening and 
the spectrometer resolution into account. This method 
shows good agreement with the measured photoelectron 
spectra for both the pristine diamondoids and the 
diamondoid dimers, without a rigorous but expensive 
Franck- Condon analysis for each sample. The adiabatic 
ionization potentials (IP) were computed by subtracting 
the total energy of the particle ion from the total energy 
of the particle ground state. We also observe that the 
pristine diamondoid IPs are more accurately computed 
by the M06-2X functional than the B3LYP functional; 
the latter has be en use d extensively previously for 
diamondoid system^ 25 * 26 1 . 



IV. RESULTS 

Measurements were performed on singly and doubly 
bonded diamondoid particles, see Figure [I] Henceforth, 
we will refer to them by the notation in Table [IJ For 
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FIG. 1. A graphical overview of the samples investigated in 
this work, as denoted in Table[T] Uppermost are the lower pris- 
tine diamondoids (1-3) followed by the singly bonded particles 
(1-1-3-2) and the doubly bonded particles (2=1-1=2=1). 
Another doubly bonded compound is used for reference pur- 
poses (4). 



the singly bonded particles we investigated homodimers, 
where both diamondoids are of the same type (1—1, 2— 
2), and heterodimers, with bonding partners of differ- 
ent types (3—1, 3—2). For doubly bonded particles a 
heterodimer (2=1), a homodimer (2=2) and a trimer 
(1=2=1) were investigated. For reference purposes, a 
compound with a CC-double-bond (4) and the first three 
pristine diamondoids (1-3) were also analyzed. The re- 
sults will be split in two sections according to the type 
of bonding. 



A. Singly bonded particles 

The valence photoelectron spectra of 1, 2, 1—1 and 
2—2 are shown in Figure [2j together with the computed 
spectrum of each sample. Comparing the spectra of the 
dimers with the respective monomers reveals that the 
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FIG. 2. The valence spectra of the two singly bonded ho- 
modimers (top) and their corresponding pristine monomers 
(bottom). The ionization potentials, denoted by black ar- 
rows in the figure, change to lower binding energies for the 
diamondoid particles towards the single molecules. 



overall structures of the photoelectron bands are sim- 
ilar in both cases, although the dimers have broader 
bands and lack the distinct ionization onset present in 
the monomers. 

All IPs presented in this work are adiabatic ionization 
potentials and were determined by the method described 
by Lenzke et alW^. For pristine diamondoids the change 
in IP with the diamondoid size is well known and has 
been ascribed to QC effects^. The diamondoid particles 
show a more complex geometry compared to the pristine 
diamondoids. However, the diamondoid particle IPs also 
show a decrease with increasing size, as can be seen in 
Figure [2] Hence, diamondoid dimers seem to undergo 
QC effects as well. 

Figure [3] shows the computed highest occupied molec- 
ular orbitals (HOMOs) of the singly bonded diamondoid 
homodimers together with their associated monomers. 
The orbitals are completely delocalized and symmetri- 
cally distributed over the entire cage structure for both 
monomers and dimers. A further study shows that this 
is also true for the deeper lying valence orbitals in the 
case of equal bonding partners. The dimerization of two 
identical pristine diamondoids leads to an increase of the 
orbital volume towards the situation of the monomer by 
a factor of roughly two. This resembles the situation 
in pristine diamondoids where the HOMO volume also 
increases with size. This volume increase leads to a low- 
ering of the IP, and can be ascribed to QCP^. Optimized 
geometries for the singly bonded dimer ions show a con- 
siderable elongation of the central bond of up to 1 A, in- 
dicating dissociation upon ionization. This explains the 
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FIG. 3. The HOMOs (left) of the two singly bonded homod- 
imers (bottom) and their corresponding pristine monomers 
(top) in comparison to their HOMO-1 (right). The M06-2X 
functional together with a 6-31G(d,p) basis set was utilized 
for the computations. An isovalue of 0.02 is used for all iso- 
surfaces presented in this work. Discussion see text. 



fiat and featureless ionization onsets of the homodimers 
in comparison to the monomers. 

Studying the change of IPs for diamondoid het- 
erodimers (Figure [4| , we observe a distinct behavior for 
dimers containing different bonding partners. Both stud- 
ied heterodimers include triamantane (3) as one bonding 
partner. In combination with adamantane (1) the dimer 
(3—1) IP is significantly lower than for dimer 3—2 con- 
taining diamantane (2). However in both cases the dimer 
IPs differ only slightly from the IP of pristine triaman- 
tane. The computed HOMOs for the two heterodimers 
(Figure [5| still show derealization over the whole clus- 
ter, but with a tendency towards localization on the tria- 
mantane moiety. For 3—1, HOMO-1 is nearly completely 
restricted to the triamantane part of the dimer. In the 
case of 3—2 this restriction is relaxed and the probability 
to find an electron on the smaller bonding partner side is 
higher. A comparison of the IPs for the bonding partners 
in their pristine form (Table |n|) reveals that the HOMO 
of 1 differs by about 0.75 eV from 3 while the difference 
is only 0.3 eV for the IPs of 2 and 3. This difference 
in binding energies of the monomer highest occupied or- 
bitals leads to a higher localization in the triamantane 
moiety than in the adamantyl or diamantyl moieties of 
the dimers (Figure [5]). The confinement of the electron 
probability density is higher for 3—1 than for 3—2 and 
therefore the IP of 3—2 is lower. The computations thus 
suggest that the heterodimer electronic structures are a 
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FIG. 4. The valence spectra of the two singly bonded het- 
erodimers (top) and their corresponding pristine monomers 
(bottom). In contrast to the homodimers the ionization po- 
tentials, denoted by black arrows in the figure, do not strictly 
shift to lower energies but depend on the bonding partners 
involved. 



superposition of the monomer orbit als involved. The 
good agreement between the measured data and com- 
putations indicates that such an approach of combined 
orbitals is applicable to singly bonded diamondoid dimers 
in general, regardless of whether the bonding partners are 
of the same type or not. 

Table [IT] summarizes the measured IPs together with 
the computed IPs of the singly bonded particles pre- 
sented in this work. The agreement between the experi- 
mental and the computed values is almost within range 
of the experimental error for the pristine diamondoids. 
Though for the dimers the experimental and computed 
values differ up to roughly 1 eV, the computations re- 
flect the decrease of IP with increasing bonding partner 
size. Further studies with more elaborate computations 
are needed to gain better agreement with experimental 
values. 



B. Doubly bonded particles 

The photoelectron spectra of the doubly bonded par- 
ticles, shown in Figure [6j differ mainly in the ionization 
onset region from the singly bonded particles; here, an 
isolated 7r-band with vibrational fine structure can be 
seen. This vibrational progression can be ascribed to the 
C=C-stretch mode, well known from the photoelectron 
spectra of alkenes 28 . The fact that the relative intensity 
of the first vibrational band is higher in the spectrum of 
1=2=1 than for the other compounds supports the as- 
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FIG. 5. The HOMOs (left) of the two singly bonded het- 
erodimers 3—1 and 3—2 in comparison to their HOMO-1 
(right). The M06-2X functional together with a 6-31G(d,p) 
basis set was utilized for the computations. 



signment of this feature to the double bond as there are 
two of them in that case. Studies on the photolumines- 
cence of hydrogenated amorphous carbon show that the 
7r-states of sp 2 -si tes in the overall sp 3 -matrix form the 
valence-band edg e 129 * 30 -! The dominant ionization onset 
of the sp 2 -feature in the doubly bonded diamondoid par- 
ticles indicate similar behavior in a few- atom size regime, 
far away from the bulk. The energetic position from 
this band only slightly changes with the particle sizes 
and therefore the IPs of all doubly bonded structures 
lie in a sm all energy region round approximately 7.2 eV 
(Table |III| ). Going to higher binding energies, overlap- 
ping bands conceal any distinctive features. Only at the 
beginning of these bands a shoulder is visible for each 
substance. A similar shoulder is also known for alkenes 
and it has been assigned to the 2pcr-electrons for 2,3- 
dimethylbutene ("tetramethylethylene")PHl, whose struc- 
ture is comparable to the central CC-double-bond and 
the next four neighbor atoms. 

Computations of the HOMOs (Figure [7]) show a strong 
localization to the CC-double-bonds. The probability 
density at the diamondoid cages is low for the HOMO 
which explains the weak dependence on the overall size 
of the particles. Thus, QC effects are reduced due to 
the fact that the loosely bound 7r-electrons are nearly 
unaffected by the sizes of the surrounding diamondoid 
cages. In contrast, the HOMO-1 is distributed over the 
a-bonds of the diamondoid cages and therefore a size de- 
pendence of this orbital energy can be expected. The 
small differences of the measured IPs for the particles 
under consideration can be explained with the screening 
of the 7r-electrons by the surrounding a-electrons. This 
results in a relatively constant HOMO energy in com- 
parison to the shift of the HOMO-1 energy. Hence, the 
energetic distance of the HOMO and HOMO-1 decreases 
with increasing size of the bonding partners. From stud- 
ies on pristine diamondoids a decrease of QC effects with 
increasing diamondoid size is known 27 . Thus, for further 
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TABLE II. Measured and M06-2X/cc-pVDZ computed IPs for singly bonded diamondoid particles and respective pristine 
diamondoids. 
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FIG. 6. The valence spectra of the doubly bonded substances. 
The spectrum of 1=2=1 was smoothed for presentation. The 
IPs, denoted by black arrows, vary only slightly for the doubly 
bonded particles presented in this work. 

increasing the size of bonding partners than studied in 
this work, a saturation of the decreasing energetic dis- 
tance of HOMO and HOMO-1 is expected. Only further 
studies will show if this saturation leads to a change of 
energetic ordering of the uppermost occupied orbitals. 

The analysis of 4 indicates that these characteristics 
apply not only for doubly bonded diamondoid parti- 
cles but also for sp 3 -hybridized molecules joined by CC- 
double-bonds in general. With 22 carbon atoms being 
the smallest doubly bonded substance of the study, com- 
pound 4 shows the highest IP of the analyzed samples. 



V. CONCLUSIONS 

We have studied the valence electronic structures of di- 
amondoid particles focusing on the influence of the bond- 
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FIG. 7. The HOMOs (left) of the doubly bonded diamon- 
doid particles (2=1-1=2=1) and a doubly bonded reference 
compound (4) and the HOMO-1 (right). The M06-2X func- 
tional together with a 6-31G(d,p) basis set was utilized for 
the computations. 



ing partners and the types of connecting dimer bond. For 
singly bonded particles the central CC-bond has only lit- 
tle impact on the energy levels of the dimers under con- 
sideration. Moreover, we observe that a combination of 
the bonding partner orbitals describes the overall elec- 
tronic structure well. A consequence of this combination 
process can be seen through an analysis of the particle 
IPs. While for the homodimers we measure IPs well be- 
low the corresponding monomers, the change of IPs for 
heterodimers strongly depends on the particle composi- 
tion. Overall QC effects can be clearly seen for the ho- 
modimers but seem to be nearly absent for heterodimers. 
DFT computations show symmetrically distributed va- 
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No. Compound Experimental IP (eV) Computed IP (eV) 

2=1 adamantylidene-diamantane 7.43(5) 7.28 

2=2 diamantylidene-diamantane 7.32(5) 7.21 

1=2=1 (di-adamantylidene)-diamantane 7.22(5) 7.49 

4 di-pentacycloundecane 7.47(5) 7.38 



TABLE III. Measured and M06-2X/cc-pVDZ computed IPs for doubly bonded diamondoid particles and a reference compound. 



lence orbit als for dimers with equal bonding partners. 
As in pristine diamondoids, the HOMOs are delocalized 
over the entire molecule. For heterodimers this only holds 
true for the HOMO itself but not for the lower lying or- 
bitals, which are a combination of the bonding partner 
orbitals. Combining two bonding partners with very dif- 
ferent energy levels only slightly lessens the confinement 
of the electrons in comparison to the bonding partners 
themselves. This explains the apparent lack of influence 
of overall confinement on the heterodimer IPs. 

For doubly bonded particles the CC-double-bond has 
a clear and identifiable impact on the electronic struc- 
ture. It appears as an isolated electronic feature with 
vibrational fine- structure at the ionization onset in the 
photoelectron spectra. The IPs vary only slightly with 
the size of the constituents and QC effects are negligible. 
Computations show a strong localization of the HOMO 
to the CC-double-bond and the influence on the HOMO 
of the surrounding carbon atoms is small. The HOMO-1 
is delocalized over the a-bonds of the diamondoid cage 
structures and can be identified as a distinct shoulder in 
the photoelectron spectra. 

To better understand the influence of the combination 
of single diamondoids to larger particles on the electronic 
structure of the resulting system, more studies on this 
class of compounds are highly desirable. Using singly 
bonded particles enables researchers to imitate the elec- 
tronic properties of higher diamondoids and eventually 
diamond. Furthermore the study of singly bonded dimers 
is an interesting route to gain insight into the role of dis- 
persive forces on the long central CC-bonds. The further 
investigation of doubly bonded particles assists the com- 
prehension of carbon nanostructures with both sp 3 - and 
sp 2 -hybridized moieties. Besides the already explored 
parameters size, shape, and functionalization, the com- 
bination of pristine diamondoids to particles with differ- 
ent bonding situations delivers a whole new territory to 
explore. 
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